Abstract Aims/hypothesis: Previous studies have shown that alterations in vascular, metabolic, inflammatory and haemocoagulative functions characterise the metabolic syndrome. Whether this is also the case for sympathetic function is not clear. We therefore aimed to clarify this issue and to determine whether metabolic or reflex mechanisms might be responsible for the possible adrenergic dysfunction. Methods: In 43 healthy control subjects (age 48.2±1.0 years, mean±SEM) and in 48 untreated agematched subjects with metabolic syndrome (National Cholesterol Education Program's Adult Treatment Panel III Report criteria) we measured, along with anthropometric and metabolic variables, blood pressure (Finapres), heart rate (ECG) and efferent postganglionic muscle sympathetic nerve activity (microneurography) at rest and during baroreceptor manipulation (vasoactive drug infusion technique). Results: Compared with control subjects, subjects with metabolic syndrome had higher BMI, waist circumference, blood pressure, cholesterol, triglycerides, insulin and homeostasis model assessment (HOMA) index values but lower HDL cholesterol values. Sympathetic nerve traffic was significantly greater in subjects with metabolic syndrome than in control subjects (61.1± 2.6 vs 43.8±2.8 bursts/100 heartbeats, p<0.01), the presence of sympathetic activation also being detectable when the metabolic syndrome did not include hypertension as a component. Muscle sympathetic nerve traffic correlated directly and significantly with waist circumference (r= 0.46, p<0.001) and HOMA index (r=0.49, p<0.001) and was inversely related to baroreflex sensitivity (r=−0.44, p<0.001), which was impaired in the metabolic syndrome. Conclusions/interpretation: These data provide evidence that the metabolic syndrome is characterised by sympathetic activation and that this abnormality (1) is also detectable when blood pressure is normal and (2) depends on insulin resistance as well as on reflex alterations.
Introduction
The metabolic syndrome carries an increase in cardiovascular risk [1] [2] [3] and its occurrence is associated with alterations in a spectrum of cardiovascular functions, such as endothelial impairment, a proinflammatory state, an alteration in oxidative stress and a dysfunction in the haemocoagulative process [4, 5] . The alterations might include sympathetic hyperactivity, because the metabolic syndrome is associated with insulin resistance and hyperinsulinaemia, which has sympathostimulating effects [6, 7] . This has not been established conclusively, however, because the only study [8] so far that has directly assessed sympathetic activity in the metabolic syndrome was performed in patients treated with cardiovascular drugs known to affect the metabolic variables on which diagnosis of the disease is based [9, 10] and to consistently modify adrenergic cardiovascular drive [9] [10] [11] .
We set out to address this issue by directly quantifying efferent postganglionic sympathetic nerve traffic by using the microneurographic technique [11, 12] in untreated patients fitting the criteria for the diagnosis of metabolic syndrome issued by the National Cholesterol Education Program's Adult Treatment Panel III Report (ATP III) [13] . The study was also designed to (1) determine whether, in this condition, sympathetic activation was dependent on hypertension as a component of the metabolic syndrome, and (2) provide information on the metabolic and reflex mechanisms underlying the possible adrenergic dysfunction.
Subjects and methods

Study population
The study population consisted of subjects of both sexes with an age ranging from 36 to 54 years, who were included if they had (1) no secondary hypertension, (2) no atrial fibrillation or other major cardiac arrhythmias, (3) no history of myocardial infarction or clinical or laboratory evidence of valvular heart disease, (4) no history of smoking and/or excessive alcohol consumption, (5) no history or clinical evidence of congestive heart failure, renal insufficiency or major non-cardiovascular diseases, and (6) no history of regular exercise habits or involvement in physical training programmes. Each subject underwent three sphygmomanometric systolic and diastolic BP measurements as well as assessment of body weight, BMI and waist and hip circumference. Total serum cholesterol, triglycerides and HDL cholesterol (enzymatic method) and plasma glucose (standard glucose oxidase method) were assayed in the fasting state from a venous blood sample. We recruited 48 subjects (37 males and 11 females) who displayed at least three of the five diagnostic criteria for the metabolic syndrome proposed by the Adult Treatment Panel III Report [13]: (1) waist circumference >102 cm in men and >88 cm in women; (2) fasting triglyceride level >1.69 mmol/l; (3) HDL cholesterol <1.03 mmol/l in men and <1.29 mmol/l in women; (4) BP >130/85 mmHg and/or a history of treatment with antihypertensive drugs; and (5) fasting glucose level ≥6.1 mmol/l. We recruited 43 additional persons (30 males, 13 females) as control subjects, provided that they did not display any of the abovementioned criteria for the metabolic syndrome. None of the 48 patients diagnosed as having the metabolic syndrome was under treatment with antidiabetic drugs. Eleven patients were taking antihypertensive drugs, which were withdrawn 10 days before the study. The study protocol was approved by the ethics committee of our institution. All subjects gave their written consent to the study after being informed of its nature and purpose.
Measurements Multiunit recording of efferent postganglionic muscle sympathetic nerve traffic was measured by microneurography using the peroneal nerve and following the procedure reported in detail previously [11, 12, [14] [15] [16] . Muscle sympathetic nerve traffic was quantified under baseline resting conditions as bursts per minute and as bursts per 100 heart beats to normalise the values for possible interindividual differences in heart rate. The quantification was extended to conditions in which baroreceptor activity was increased or reduced, with a reduction and increase, respectively, in resulting muscle sympathetic nerve traffic and increase. Changes in baroreceptor activity were obtained by i.v. infusion of vasoactive drugs [14] [15] [16] . Briefly, phenylephrine was infused incrementally through a cannula placed in an antecubital vein at doses of 0.6 and 1.2 μg·kg
·min −1 to progressively increase mean BP (diastolic BP plus one-third of pulse pressure, beat-to-beat measurements by a finger photoplethysmographic device [Finapres 2300; Ohmeda, Englewood, CO, USA]) [14] [15] [16] and thus stimulate arterial baroreceptors. Nitroprusside was also infused incrementally at doses of 0.6 and 1.2 μg·kg −1 ·min −1 to progressively decrease mean BP and thus deactivate arterial baroreceptors. Both infusions were maintained for 10 min, each step lasting 5 min. The drug initially infused was followed by the second one after a recovery time of 45 min. Mean BP and muscle sympathetic nerve traffic were averaged for 15 baseline minutes before infusion and for 5 min of each step. Baroreceptor modulation of muscle sympathetic nerve traffic was assessed by calculating the absolute changes in sympathetic bursts per minute and the percentage changes in integrated sympathetic activity (sympathetic bursts, mean amplitude × number of bursts per minute, expressed in arbitrary units) associated with changes in mean BP induced by each dose of phenylephrine and nitroprusside [14] [15] [16] . Baroreflex sensitivity was calculated as the slope of the changes in muscle sympathetic nerve traffic divided by the changes in diastolic BP induced by vasoactive drugs (four steps) and expressed as percentage integrated activity (i.a.)/mmHg. An ECG signal and respiratory movements (pneumotachograph) were displayed together with muscle sympathetic nerve traffic on the thermal paper of an ink polygraph (Gould 3800; Gould Instruments, Cleveland, OH, USA).
Plasma norepinephrine and epinephrine were measured by HPLC [17] in blood withdrawn from an antecubital vein of the arm contralateral to that used for BP measurements. Measurements included plasma insulin concentration (RIA) in the fasting state, which allowed us to determine insulin resistance by the homeostasis model assessment (HOMA-IR); the HOMA index was calculated according to the formula: fasting plasma insulin × fasting plasma glucose/22.5 [18] .
Protocol and data analysis All patients were taken to the laboratory in the morning after an overnight fast, placed supine and fitted with the i.v. cannula, the microelectrodes for muscle sympathetic nerve traffic recording and the other measuring devices. Blood samples for assaying plasma norepinephrine and epinephrine were then taken and BP was measured three times with a mercury sphygmomanometer within a 10-min interval. After 30 min, BP, heart rate (ECG), respiration rate and muscle sympathetic nerve traffic were measured continuously over a 15-min baseline period, the stepwise infusion of one vasoactive drug and a 45-min recovery period. This was followed by a second 15-min baseline period and finally the stepwise infusion of the second vasoactive drug. In half of the subjects, the first drug to be infused was phenylephrine, whereas in the remaining subjects it was nitroprusside.
Data were analysed by a single investigator unaware of the experimental design. Values from individual subjects were averaged for each group and expressed as mean± SEM. This procedure was also followed for the changes in mean BP and muscle sympathetic nerve traffic induced by each dose of vasoactive drugs. Comparisons between data obtained in the two different groups were made by two-way ANOVA. The two-tailed t-test for unpaired observations was used to detect between-group differences. Bonferroni correction was used to account for multiple comparisons. Spearman analysis was used to determine the correlation between different variables. A value of p<0.05 was considered statistically significant.
Results
As shown in Table 1 , the group of subjects with the metabolic syndrome and the control group were matched for age. Compared with control subjects, individuals affected by the metabolic syndrome were characterised by significantly greater values of BMI, waist circumference and sphygmomanometric and finger systolic and diastolic BPs. Serum total cholesterol, triglycerides, glucose, insulin and HOMA index values were also greater in the group with metabolic syndrome than in the control group, where- as HDL serum cholesterol values were lower. Subjects with metabolic syndrome showed greater average muscle sympathetic nerve traffic than control subjects, both when values were expressed as burst per unit time and as bursts corrected for heart rate ( Fig. 1) . Muscle sympathetic nerve traffic was greatest when the metabolic syndrome included hypertension as a component, but for similar increases in BMI, waist circumference and HOMA index values, sympathetic nerve traffic was also greater than in control subjects when no BP elevation was present and mean arterial pressure was similar to that of healthy subjects (Fig. 2) . Muscle sympathetic nerve traffic correlated positively with Figure 3 shows that in both groups of subjects the stepwise increase in mean BP induced by phenylephrine caused a progressive decrease in muscle sympathetic nerve traffic, whereas the stepwise decrease in mean BP induced by nitroprusside had the opposite effect. The sympathoinhibitory responses to arterial baroreceptor stimulation and the sympathoexcitatory responses to arterial baroreceptor deactivation were blunted in patients with metabolic syndrome compared with control subjects, the baroreflex sensitivity values being −9.3±0.2 and −14.6±0.4% i.a./mmHg, respectively (p<0.01 between groups). There was no difference in baroreflex-muscle sympathetic nerve traffic sensitivity between normotensive and hypertensive patients with metabolic syndrome (−9.6±0.3 vs 9.1±0.4% i.a./ mmHg respectively, p=NS). Baseline muscle sympathetic nerve traffic values were significantly (p<0.001) and inversely related to baroreflex sensitivity both in subjects with metabolic syndrome and in control subjects. In the former group the correlation coefficient was higher (r= −0.44 vs r=−0.35) but the difference did not achieve statistical significance.
Discussion
The present study provides evidence that in subjects with metabolic syndrome sympathetic activity is increased independently of the presence of cardiovascular drugs (such as calcium antagonists and diuretics) which trigger sympathetic activation [11] per se. It also provides evidence that the sympathetic activation is not limited to individuals in whom the metabolic syndrome is accompanied by hypertension, i.e. a condition in which sympathetic activity is increased regardless of the presence of increased body weight or other metabolic abnormalities [11, 16, 19, 20] , because sympathetic nerve traffic was also greater than in control subjects when the metabolic syndrome was associated with normal BP values, and thus its diagnosis depended on criteria other than the BP elevation. This allows us to conclude that a hyperadrenergic state represents an intrinsic feature of this condition.
Our study also provides information on the mechanisms that may be responsible for the sympathetic hyperactivity characterising the metabolic syndrome. In subjects with metabolic syndrome, muscle sympathetic nerve traffic exhibited a positive relationship with the HOMA index, a variable reflecting insulin resistance. This supports the dependence of the adrenergic activation on the hyperinsulinaemia that follows the insulin resistance state, given the well-known ability of insulin to stimulate sympathetic nerve activity, particularly to skeletal muscle tissues [6, 7, [21] [22] [23] . However, muscle sympathetic nerve traffic also showed a positive significant relationship with BMI, the increase of which may stimulate sympathetic drive via (1) the central influence of greater circulating levels of leptin [24, 25] and (2) the reflex influence of chemoreceptor activation, as shown in patients with sleep apnoea [26, 27] , which is more prevalent in patients with the metabolic syndrome [28] . Furthermore, in subjects with metabolic syndrome there was an attenuation of the sensitivity of baroreceptor sympathetic control, which suggests that impairment of the ability of the baroreflex to restrain adrenergic tone is also involved. Thus, the hyperadrenergic state of the metabolic syndrome may be mechanistically complex because of the involvement of metabolic, central and reflex factors. It is possible that the sympathetic hyperactivity represents the earliest abnormality of the disease, given the evidence that sympathetic stimulation can cause insulin resistance by constricting skeletal muscle vessels and increasing the distance insulin has to travel to allow glucose to cross cell membranes [29] [30] [31] . It should be emphasised, however, that reduction in body weight and insulin resistance brought about by low caloric intake leads to sympathetic deactivation [15] , which suggests that, on the contrary, metabolic factors play the initial role. The observational nature of our study does not allow this 'chicken and egg' question to be answered conclusively.
Other results of our study deserve to be discussed. First, data obtained by spectral analysis of heart rate suggest that in the metabolic syndrome there is an increased sympathetic discharge to the heart [32] . Although spectral analysis represents an indirect and not entirely specific sympathetic marker [11, 33, 34] , this finding suggests that the sympathetic hyperactivity of the metabolic syndrome is not confined to the cardiac district but involves regional circulations as well. Secondly, because components of the metabolic syndrome such as visceral obesity and hypertension both have sympathostimulating effects, the question arises whether, in this condition, their association leads to greater overall sympathetic activation. Our present finding that inclusion of hypertension in the metabolic syndrome triggered a sympathetic activation that was greater in magnitude than that found when high blood pressure was excluded suggests that this may be indeed the case. This is in line with our previous observation that the sympathetic hyperactivity characterising hypertension, obesity and heart failure undergoes summation when these conditions coexist in the same patient [35] . It remains to be seen, however, whether in the metabolic syndrome the association of obesity or hypertension with alterations in lipid profile makes the sympathostimulating effect different from that of either condition alone. The finding in the present study that sympathetic nerve traffic did not correlate with serum triglyceride and LDL cholesterol values scores against this. The third result worthy of discussion is that plasma norepinephrine was slightly but not significantly greater in subjects with metabolic syndrome than in control subjects. This strengthens the evidence that in a variety of conditions the plasma level of the main adrenergic neurotransmitter represents an insensitive marker of sympathetic drive [11, 14, [36] [37] [38] .
Our results have pathophysiological and clinical implications. First, because the sympathetic nervous system exerts a trophic influence on cardiac myocytes [39] , the adrenergic hyperactivity characterising patients with metabolic syndrome may well explain why, for similar BP values, patients with metabolic syndrome have been found to display not only increased urinary protein excretion [40] but also a left ventricular mass index greater than that in subjects without this condition [41] . Secondly, the increase in neural sympathetic outflow reported in our patients may be, at least in part, responsible for the finding that the metabolic syndrome is characterised by a dysfunction in β 3 adrenoreceptor activity at the level of adipose tissue [42] . Finally, the evidence that the metabolic syndrome is characterised by an augmented sympathetic drive supports the recommendation to treat this condition mainly by body weight reduction and an increase in physical activity [5, 43] . This is because these non-pharmacological interventions have been documented to exert marked and longlasting sympathoinhibitory effects [15, 44] .
